Detection of foreign materials is the first step of successful immune responses. Stimulator of interferon genes (STING) was shown to directly bind cyclic diguanylate monophosphate (c-di-GMP), a bacterial second messenger, and to elicit strong interferon responses. Here we elucidate the structural features of the cytosolic c-di-GMP binding domain (CBD) of STING and its complex with c-di-GMP. The CBD exhibits an a + b fold and is a dimer in the crystal and in solution. Surprisingly, one c-di-GMP molecule binds to the central crevice of a STING dimer, using a series of stacking and hydrogen bonding interactions. We show that STING is autoinhibited by an intramolecular interaction between the CBD and the C-terminal tail (CTT) and that c-di-GMP releases STING from this autoinhibition by displacing the CTT. The structures provide a remarkable example of pathogen-host interactions in which a unique microbial molecule directly engages the innate immune system.
INTRODUCTION
Innate immunity is an evolutionarily conserved mechanism that provides the first line of defense against microbial pathogens such as viruses and bacteria. Until fairly recently, innate immunity was considered nonspecific immunity mediated by phagocytosis. The discovery of germline-encoded pattern recognition receptors (PRRs) that recognize conserved pathogen associated molecular patterns (PAMPs) shared by many bacteria, fungi, protozoa, and viruses has greatly advanced the concept of pattern recognition as a prime task of the innate immune system (Medzhitov and Janeway, 2000) . After recognition of PAMPs, PRRs trigger signaling pathways that not only alert the immune system to the presence of infection but also help initiate adaptive immune responses through maturation of dendritic cells and antigen presentation (Iwasaki and Medzhitov, 2010; Takaoka and Yanai, 2006) .
Several families of PRRs have been identified, most notably transmembrane Toll-like receptors (TLRs) (Akira and Takeda, 2004) , cytosolic Nod-like receptors (Inohara et al., 2005) , and dsRNA helicases such as RIG-I and MDA5 (Kato et al., 2011) . Microbial DNAs represent an important class of PAMPs (Barber, 2011) . While unmethylated CpG DNA from bacteria can be detected by TLR9 in the endosome (Hemmi et al., 2000) , cytosolic DNA from viral infection is sensed independent of TLR9 (Ishii et al., 2006) . Recent studies have revealed the involvement of DAI (Takaoka et al., 2007) , AIM2 (Fernandes-Alnemri et al., 2009; Hornung et al., 2009; Roberts et al., 2009 ), IFI16 (Unterholzner et al., 2010) , and p202 (Roberts et al., 2009 ) as direct cytosolic dsDNA sensors for interferon (IFN) induction and inflammasome formation.
Stimulator of interferon genes (STING) (also known as MITA, MPYS, ERIS, and TMEM173) was first identified as an ERresiding protein relaying signals to IRF activation and IFN transcription from a variety of stimuli, especially cytosolic dsDNAs (Ishikawa and Barber, 2008; Jin et al., 2008; Sun et al., 2009; Zhong et al., 2008) . STING activates the IKK-like kinase TBK1, which in turn phosphorylates IRF3, leading to its nuclear translocation and transcription of type I IFNs to exert a potent antiviral state (Ishikawa et al., 2009; Saitoh et al., 2009) . STING-deficient cells fail to produce type I IFN in response to transfection with dsDNA or infection with herpes simplex virus 1 (HSV-1) (Ishikawa et al., 2009) .
Remarkably, STING was also shown recently to be essential for IFN production in response to another form of nucleic acids known as cyclic dinucleotides such as cyclic diguanylate monophosphate (c-di-GMP) and cyclic diadenylate monophosphate (c-di-AMP) (Sauer et al., 2011) . A mutant mouse strain, Goldenticket, that harbors a missense mutation (I199N) in the STING protein, is a nonfunctional allele that fails to produce detectable protein and to activate IFN production in response to c-di-GMP (Sauer et al., 2011) . Both c-di-GMP and c-di-AMP are second messengers secreted by bacteria such as the intracellular pathogen Listeria monocytogenes (Sauer et al., 2011) . They are known immunostimulatory molecules with potential in novel immunotherapeutics and as vaccination adjuvants Karaolis et al., 2007) . Using a UV crosslinking assay, STING was identified as the direct binding partner for c-di-GMP, and this interaction was mapped to the cytosolic region and shown to be critical for cellular responses to cyclic dinucleotides (Burdette et al., 2011) . In contrast, dsDNA sensing by the STING pathway requires additional components, as STING transfection in HEK293T cells only reconstituted responsiveness to c-di-GMP, but not to dsDNA (Burdette et al., 2011; Sauer et al., 2011) .
STING was predicted to contain five transmembrane helices (TM1-TM5) and a sizable cytosolic domain ( Figure 1A ). The cytosolic domain does not exhibit significant sequence homology to known bacterial c-di-GMP receptors such as those containing the PilZ domain or bacterial cyclases that generate cyclic dinucleotides , nor to any proteins with known structures. Within the cytosolic domain, a recent study showed that the very C-terminal tail (CTT) ( Figure 1A ) interacts with and activates TBK1 and IRF3 in vitro (Tanaka and Chen, 2012) .
Here we report structural characterizations of the STING cytosolic domain. We show that the N-terminal part of the cytosolic domain of STING forms a folded structural entity sufficient for recognition of c-di-GMP, which we here name the c-di-GMP binding domain (CBD) ( Figure 1A ). The previously identified CTT for TBK1 binding and activation (Tanaka and Chen, 2012) immediately follows this domain. Interestingly, the previously assigned TM5 is not a transmembrane helix but part of the folded, soluble CBD. We show that the CBD of STING is a wing-shaped dimer. Consistent with the lack of significant sequence homology to any proteins with known structures, the CBD exhibits an a + b fold, which to our knowledge was previously unknown. A single c-di-GMP molecule binds at the STING dimerization interface and assumes a dimerically symmetrical conformation. The interaction specifically selects c-di-GMP with high affinity and c-di-AMP with lower affinity and discriminates against other types of nucleotides. We show that STING is autoinhibited via an intramolecular interaction between the CBD and the CTT. The presumed CTT-binding site on CBD must overlap with the c-di-GMP-binding site, leading to the relief of autoinhibition upon c-di-GMP binding and activation of TBK1 and IRF3 for the induction of IFN response. The study provides a remarkable example of pathogen-host interactions in which a unique microbial molecule directly engages the innate immune system at an integrating point in the signaling cascade.
RESULTS
Crystal Structure of the c-di-GMP Binding Domain (CBD) We set out to elucidate the molecular basis for the functions of the cytosolic region of STING, especially for its ability to recognize c-di-GMP. As a first step, we expressed human STING in E. coli using a construct (139-379) that is equivalent to the mouse STING construct (138-378) previously shown to be sufficient for interaction with c-di-GMP (Burdette et al., 2011) . However, the purified recombinant protein eluted in heterogeneous size populations from gel filtration chromatography that are consistent with dimers and higher order oligomers (Figure 1B) . Because this heterogeneity may hinder crystallization, we performed limited proteolysis to determine if the protein would become more homogeneous. Indeed, upon digestion by the protease trypsin, the protein eluted from gel filtration chromatography as a single peak that corresponds to dimers of STING ( Figure 1B) . Since the C-terminal 30 or so residues were predicted to possess mostly random coil structures, we suspected that this region was removed by the proteolysis.
We crystallized the trypsin-digested sample of STING in the P4 3 2 1 2 space group. The structure was solved using singlewavelength anomalous diffraction (SAD) of the selenomethionyl protein and was refined at 2.75 Å resolution (Table 1 and Figures  1C and 1D ). The ordered region of the structure starts at N154 and ends at K338 (Figures 2 and S1 ), consistent with our analysis on the region removed during proteolysis. The structure exhibits an a + b fold which contains a central twisted five-stranded b sheet surrounded by three long a helices (a1, a3, and a5) on the convex face and two (a2 and a6) a helices on the concave surface ( Figure 1D ). A short a4 helix connects a3 and a5. The first helix is very long and kinked at Y167 (a1 and a1 0 ); it overarches over the central b sheet and almost reaches the concave surface. This helix is very hydrophobic and corresponds to the previously predicted TM5 ( Figure 1A) . The structure has an approximate triangular shape when viewed down the stacks of b strands (Figure 1D) . Together with a3 and a5, a1 forms one edge of the triangle while a1 0 forms another. The curled b sheet forms the last edge of the triangle. Surprisingly, the overall topology of the subunit ( Figure 1E ) has not been observed before; DALI structural homology search (Holm and Sander, 1995) only identified low significance matches with Z scores below 4.0 and RMSDs in the range 3-4 Å and with about half of the Ca positions aligned.
STING Is a Stable Dimer
Although there is only one STING molecule in each crystallographic asymmetric unit of the crystal, the crystallographic two-fold axis generates an intimately associated dimer with the shape of a pair of wings ( Figure 3A) . Consistently, STING exists in solution as a dimer as well ( Figure 1B ). The assignment of the dimer structure is conclusive, as the dimerization interface is extraordinarily extensive, burying roughly a total of 1800 Å 2 surface area. The dimer interface is mostly formed by the a1 and a3 helices from each protomer ( Figure 3B ). The two symmetry-related a1 helices are nearly orthogonal to each other. While a1 of one protomer interacts with both a1 and a3 of the neighboring protomer, a3 of one protomer only interacts with a1 of the neighboring protomer. The interaction forms an approximate antiparallel four-helix bundle. Peripheral interactions also exist between the short a4 of one protomer and the a5 of the neighboring protomer.
Residues at the center of the dimerization interface are mostly hydrophobic, including V155, H157, W161, Y164, and I165 from helix a1 and T267, M271, Y274, and Q276 from helix a3 ( Figure 3B ). Interestingly, these clusters of residues create an additional, third hydrophobic core in the STING dimer (Figure 3C ). The STING protomer structure already consists of two somewhat separate hydrophobic cores, one on each face of the central twisted b sheet. The first hydrophobic core is formed mainly from packing of large hydrophobic residues in helices a1, a3, and a5 with those in the convex face of the b sheet. The second hydrophobic core is between large hydrophobic residues in helices a2 and a6 and those in the concave face of the b sheet. The large interface and the hydrophobic nature strongly suggest that the CBD of STING is a stable dimer and that mutations at the interface may expose the hydrophobic surface, leading to aggregation. Consistently, an interfacial double mutant of CBD, W161A/M271A, formed higher order oligomers ( Figure S2 ). At the more peripheral part of the interface, Y164 from the far end of helix a1 and D301 from helix a5 interact with the tip of the a3-a4 loop ( Figure 3B ). There are hydrogen bonds between the side chains of Y164 and Y274 and between the main chain of D301 with the side chain of Q276. Strikingly, the surface diagram of the STING dimer has a deep crevice running along the dimerization interface ( Figure 3D ). The bottom of the crevice is mostly uncharged while the wall of the crevice is decorated with both positive and negative charges ( Figure 3D ). The prominence of the crevice suggests that it performs certain biological functions.
Crystal Structure of STING in Complex with c-di-GMP
We obtained crystals of STING in complex with c-di-GMP using cocrystallization. The diffraction data were initially processed in space group C222 1 , and the structure was solved by molecular replacement using the STING alone structure. Difference map calculated without c-di-GMP showed clear density for c-di-GMP ( Figure 4A ). There is one STING protomer per crystallographic asymmetric unit, but the same STING dimer is generated by a crystallographic two-fold axis. Surprisingly, c-di-GMP sits at a crystallographic two-fold axis, between one STING molecule and its symmetry-related mate ( Figure 4B ). This is possible because c-di-GMP has an intrinsic dimeric symmetry. In order to build the complete, rather than half of the c-di-GMP molecule in the crystallographic asymmetric unit, we lowered the symmetry to P2 1 so the asymmetric unit contains one STING dimer and one c-di-GMP molecule (Table 1 ). The C terminus of STING is more ordered in the complex structure with visible density extending to V343. Binding of c-di-GMP does not induce drastic conformational changes in STING, as both structures superpose well with an RMSD of 0.85 Å . However, if only one protomer of the STING dimer is used for structural superposition, it is clear that the other promoter is slightly plied open, perhaps to accommodate the c-di-GMP molecule precisely ( Figure 4C ). Supporting the binding ratio of two STING protomers for one c-di-GMP, an isothermal titration calorimetry (ITC) experiment confirmed the stoichiometry of STING to c-di-GMP as 2:1 with a binding dissociation constant of 2.4 ± 0.5 mM ( Figure 4D ). This binding affinity is consistent with a previous measurement using equilibrium dialysis (Burdette et al., 2011) .
Mode of Interaction between STING and c-di-GMP
The prominent crevice at the dimerization interface of STING accommodates c-di-GMP. The single c-di-GMP molecule assumes a shape that resembles a curved bow that has been pulled on the string by the arrow ( Figure 4E ). This curvature fits almost perfectly along the entire 17 Å length of c-di-GMP with the curved crevice floor of the STING dimer that c-di-GMP sits on. Therefore, one side of the c-di-GMP molecule is completely buried in its interaction with STING. The conformation of c-di-GMP bound to STING resembles those in complex with riboswitches (Kulshina et al., 2009; Smith et al., 2009) , the PilZ domain (Benach et al., 2007) , and the diguanylate cyclase domain (Chan et al., 2004) , in which the two guanine bases adopt a cis, nearly parallel orientation. In contrast, in the alternative conformation associated with the EAL domain, the guanine bases are roughly in trans, leading to an extended and rather planar configuration (Barends et al., 2009; Navarro et al., 2009) . The c-di-GMP binding pocket is created by a1, a3, and the loop between b2 and b3 of both protomers of the STING dimer ( Figure 4F ). The intermolecular interactions are mixed, with a combination of hydrophobic and hydrophilic contacts. The most extensive interaction to c-di-GMP is provided by Y167, the residue in a1 at the kink that marks the boundary with a1 0 . The phenol ring of Y167 stacks precisely with the pyrimidine portion of the guanine ring of c-di-GMP in which every atom of the phenol ring makes contacts. The kink is important for making this interaction possible. In addition to Y167, residues S162, Y163, E260, T263, and P264 make multiple van der Waals and hydrogen bonding interactions with c-di-GMP. The carboxylate of E260 points toward N2 of guanine, although this interaction is beyond hydrogen bonding distance. Residues Y167 and E260 appear to properly orient each other through a hydrogen bond between the phenolic hydroxyl of Y167 and the carboxylate of E260. The hydroxyls of S162 of one protomer and T267 of the other protomer are within hydrogen bonding distance to the phosphoryl oxygen, while T263 hydrogen bonds with 2 0 -hydroxyl of the ribose. Side chains of c-di-GMP contacting residues in STING assume similar orientations in the unbound structure, suggesting that the binding pocket is largely preformed. ITC measurements revealed that the binding is entirely driven by favorable enthalpy (DH = À11.6 ± 0.5 kcal/mol) with unfavorable entropy (ÀTDS = 3.9 kcal/mol) ( Figure 4D ). The favorable enthalpy is in agreement with the favorable p-p stacking and hydrogen bonding interactions. Some of the entropy that is lost upon binding may be conformational. The c-di-GMP molecule has several tunable torsion angles and the binding completely restricts this conformation to the bow shape observed in the structure.
Specificity Determinants
The specificity and strength of c-di-GMP recognition by STING are reflected at several structural levels that help to define this cyclic dinucleotide as an optimal ligand in comparison with other nucleotides (Table 2) . First of all, STING also senses c-di-AMP, as shown by a recent study that the intracellular bacterial pathogen Listeria monocytogenes stimulates a type I IFN response due to cytosolic detection of bacterially secreted c-di-AMP (Sauer et al., 2011) . STING has been shown to interact with c-di-AMP directly and specifically and to reconstitute responsiveness of HEK293T cells to this signaling molecule (Burdette et al., 2011) . However, competition experiments suggest that the affinity of STING to c-di-AMP is lower than that to c-di-GMP (Burdette et al., 2011) . As a purine, the adenine ring will also be able to stack with Y167. However, in adenine, there is no substitution at the 2-position, losing the interaction with E260 and explaining the apparent lower affinity to STING.
Second, STING should not sense cyclic pyrimidine dinucleotides. If bound symmetrically at the dimerization interface as c-di-GMP, the single pyrimidine ring in these dinucleotides will not be able to reach Y167 for the favorable stacking interaction, explaining the incapability of the interactions. Third, single GMP also cannot stimulate STING (Burdette et al., 2011) . While the ''half site'' binding may be preserved in the mode of interaction between GMP and STING, the binding energy would have been cut in half without the avidity provided by the dimeric arrangement as in c-di-GMP. Therefore, at least three structural features allow discrimination between c-di-GMP and other nucleotides (Table 2) . First, a cognate nucleotide needs to be a cyclic dinucleotide. Second, a cognate nucleotide needs to be a purine nucleotide. Third, guanine has advantage over adenine in its capability to interact with E260 of STING at N2. In addition, it is possible that ribonucleotides are favored over deoxyribonucleotides due to the specific hydrogen bonding interaction at the 2 0 -hydroxyl.
Previously Reported STING Mutants Support the c-di-GMP Binding Site
The phenotypes of a number of mutations in mouse STING have been described (Burdette et al., 2011; Sauer et al., 2011) . Human and mouse STING are very similar, sharing 80% sequence identity in the CBD ( Figure S1 ). Therefore our structures provide a template for understanding the underlying mechanism in the functional impairment of these mutants. The Goldenticket mouse strain, which fails to produce type I IFNs upon Listeria monocytogenes infection or in response to c-di-GMP, encodes a missense mutation equivalent to I200N in human STING (I199N in mouse STING) (Sauer et al., 2011) . Residue I200 is buried in the interior of the STING protomer and I200N would have disrupted the STING structure ( Figure 5A and Table 3 ), explaining the null-phenotype of the mutant. Additional mutants have been identified in mouse STING that disrupted c-di-GMP interaction (Burdette et al., 2011) . To minimize confusion, we will use the equivalent residues in human STING by adding 1 to the residue numbers in mouse STING. Most of the mutations in this group involve large deletions and nonconservative changes on buried residues in the CBD, including D216, Y245, and Y314 ( Figure 5A and Table 3 ). Like I200N, these changes would be predicted to compromise the folding of the CBD. A multiply substituted mutant on helix a5 (R281A, E282A, D283A, R284A, E286A, Q287A, and K289A) acts as a null likely because these residues pack against the a3 helix for c-di-GMP recognition ( Figure 5B ) and may cause local structural perturbation in STING. The most informative mutant may be the E260A/Q266A double mutant. Because Q266A is exposed on the surface and does not contact c-di-GMP, the mutational phenotype is likely caused by the E260A mutation. E260 interacts with c-di-GMP ( Figure 4F ) and may directly compromise c-di-GMP recognition when mutated. In addition, E260 hydrogen bonds with Y167 ( Figure 4F ), and these residues may be mutually critical in maintaining the productive side chain conformations for c-di-GMP recognition.
The CBD of STING Does Not Interact Measurably with TBK1 in the Presence and Absence of c-di-GMP Intriguingly, the structures of the CBD domain of STING that we determined do not include the CTT ( Figure 1A ) that has been shown recently to be necessary and sufficient for TBK1 and IRF3 activation (Tanaka and Chen, 2012) . So then how does c-di-GMP binding enhance STING-mediated IFN production? We wondered whether c-di-GMP binding creates a new interacting surface on the CBD of STING that directly recruits and activates TBK1, in addition to TBK1 and IRF3 activation by CTT. To test this possibility, we measured the direct binding of the CBD of STING with recombinant TBK1 in the presence and absence of c-di-GMP using biolayer interferometry ( Figure 5C ). The CBD domain of STING was labeled by biotin and bound to streptavidin-coated chips at a 2 mM concentration. After washing away loosely bound materials, biotinylated CBD showed a stable bound level of approximately 3 nm on the chips. Association was initiated by dipping CBD-chips in solutions of recombinant TBK1 at different concentrations and was monitored at real time. Dissociation was initiated by dipping the same chips into buffers and was monitored similarly. Dipping the CBD-bound chips to TBK1 solutions (10-40 mM) did not cause significant change of bound proteins on the chips, either in the presence or absence of c-di-GMP ( Figure 5C ). These data suggest that the CBD of STING does not contain a TBK1-binding site in its free form or in its c-di-GMP bound form.
STING Is Autoinhibited and c-di-GMP Binding May Unleash Its TBK1-Activating Capability
We wondered if existing mutagenesis data (Burdette et al., 2011) could provide clues in elucidating the potential mechanism of TBK1 activation upon c-di-GMP binding. In this regard, we found that the most informative group of mutants may be those that are still able to interact with c-di-GMP, but do not respond to c-di-GMP for enhanced IFN production. In fact, when overexpressed, these mutants hyperinduce IFN in comparison with the WT STING. Because the CTT is both necessary and sufficient for TBK1 activation and IRF3 phosphorylation, the mutants must have somehow activated the CTT in the absence of c-di-GMP, while the WT STING was not fully activated upon overexpression in the absence of c-di-GMP.
The mutants with the hyperinduction phenotype include R310A/E316A, E316A, E316N, E316Q, and S272A (Burdette et al., 2011) (Table 3) . Because the double mutant R310A/ E316A shares the same phenotype as E316A, the key alteration in this mutant should be E316A. When mapped to the CBD structure, residue E316 is exposed on the surface, away from but on the same side of the c-di-GMP binding site ( Figure 5D ). Similarly, S272 is mapped to an adjacent site to E316 ( Figure 5D ). The locations of the mutant residues and their phenotypes suggest that in the WT STING, the CTT is autoinhibited through an intramolecular interaction between the CBD and the CTT. This interaction may overlap but is not identical with the c-di-GMP binding site, therefore rendering a capability of c-di-GMP in relieving this autoinhibition. The mutations on E316 or S272 may have compromised this interaction to unleash the CTT for TBK1 and IRF3 interaction and activation, leading to increased IFN produc- tion, without interfering with c-di-GMP binding. Interestingly, E316A, E316N, and E316Q all are hyperactive and nonresponsive to c-di-GMP, while E316D behaves like the WT STING ( Table  3 ), suggesting that the negative charge on this residue is important for maintaining the CBD/ CTT interaction. Further supporting evidence for this hypothesis is that several mutations at the CTT, R375A, and the triple mutant S358A/E360A/S366A (Burdette et al., 2011) (Figure 5E and Table 3 ) also abolish the responsiveness to c-di-GMP, but induce IFN in levels comparable to WT STING. These mutations may have also compromised the intramolecular interaction that is important for autoinhibition, leading to nonresponsiveness to c-di-GMP; but being at the CTT, they may have also directly affected TBK1 and IRF3 interaction and activation, leading to a comparable level of IFN production with the WT STING that has not been fully activated by c-di-GMP.
To directly test this hypothesis, we cotransfected HA-tagged STING CTT with constructs of FLAG-tagged STING full-length cytoplasmic domain (FL), CBD, and CTT in 293 cells. We then performed anti-HA immunoprecipitation followed by anti-FLAG immunoblotting. While HA-tagged CTT did not pull down control FLAG-tagged GFP, it pulled down both STING FL and CBD (Figure 5F ). In addition, the interaction between CTT and CBD was significantly weakened in the presence of c-di-GMP ( Figure 5G ).
DISCUSSION
Our structural studies of STING uncovered a number of unexpected insights. First, STING is well recognized as an ER-localizing protein with several TM domains (Ishikawa and Barber, 2008; Sun et al., 2009 ). Our biochemical and structural studies now showed that the last predicted TM helix belongs to the cytosolic region and corresponds to helix a1 and a1 0 in the compact CBD of STING for c-di-GMP recognition. In fact, this helix provides the most crucial stacking interaction to c-di-GMP as well as participates in STING dimerization. Second, our structure of STING reveals a fold that is distinct from those of known bacterial c-di-GMP receptors. Besides the structural architecture, STING recognizes c-di-GMP uniquely using the dimerization interface and imposes a symmetrical conformation to the bound c-di-GMP. While the current study was under review, Ouyang et al. reported similar crystal structures of STING and its complex with c-di-GMP (Ouyang et al., 2012) . Importantly, our data suggest that STING is autoinhibited due to an intramolecular interaction between the CBD and CTT of STING. Binding of c-di-GMP competes with this interaction and releases the CTT of STING for TBK1 and IRF3 activation and IFN production ( Figure 5H ). One question that remains to be resolved is whether the autoinhibited form of STING is a monomer or dimer. Although our in vitro data show that STING CBD is a dimer, we do not know if this is because massive overexpression in E. coli during protein production may have already changed the STING conformation to the active one even in the absence of c-di-GMP. The hydrophobic nature of the dimerization interface would suggest that the dimerization is constitutive; however, this interface may have been shielded from solvent by the intramolecular interaction with the CTT. In any case, c-di-GMP binding would release the CTT to generate active STING dimers. Binding of c-di-GMP may well work as a ''molecular staple,'' locking STING into the active dimer conformation.
Once released, the CTT may mediate further oligomerization ( Figure 5H ), as the full-length cytosolic domain construct contains higher order oligomers ( Figure 1B ) and the CTT itself hyperoligomerizes (Tanaka and Chen, 2012) . It is also important These residues pack against a3 at both the dimerization interface and the c-di-GMP binding site.
Local structural perturbation mut22 Y314A Y314 is buried.
Structural perturbation
Mutants that bind c-di-GMP, hyperinduce IFN, but do not respond to c-di-GMP for further enhanced IFN production mut15 R310A, E316A The mutational effect most likely comes from the E316A mutation (see next line).
Release of intramolecular interaction-mediated autoinhibition? mut18 E316A E316 is exposed and away from the c-di-GMP binding site. mut19 E316N mut20 E316Q mut34 S272A S272 is mostly exposed and away from the c-di-GMP binding site.
Mutants that bind c-di-GMP, induce IFN, but do not respond to c-di-GMP for further enhanced IFN production mut44 R375A R375 is in the CTT Release of intramolecular interactionmediated autoinhibition plus partial deficiency in TBK1 and IRF3 activation? mut17 S358A, E360A, S366A These residues are in the CTT Mutants that behaves like WT
Mut24

E316D
In comparison with E316A, E316N and E316Q, E316D preserves the negative charge.
Preservation of intramolecular interaction-mediated autoinhibition?
See Burdette et al. (2011) . Residue numbers were modified to reflect the equivalent human sequence (residue number in human = residue number in mouse + 1). Deletion mutations were omitted.
that STING is a membrane protein and its membrane localization may further facilitate STING oligomerization and activation upon signaling. In this regard, it has been shown that c-di-GMP induced formation of STING homodimers in mouse bone marrow-derived macrophages (Jin et al., 2011) and that forced dimerization of a GyrB gyrase fusion of STING by coumermycin increased luciferase reporter reading (Sun et al., 2009) . Formation of large, punctate structures has also been observed for STING (Ishikawa et al., 2009; Saitoh et al., 2009; Zhong et al., 2008) . STING also functions as an adaptor protein in cytosolic dsDNA-induced innate immune response (Ishikawa et al., 2009) in addition to as a direct sensor of bacterial second messengers (Burdette et al., 2011) . Several dsDNA sensors upstream of STING such as IFI16 and DDX41 have been identified (Unterholzner et al., 2010; Zhang et al., 2011) . However, there seem to be additional intermediaries between these sensors and STING in the pathways. It appears that cyclic dinucleotides and cytosolic dsDNA utilize different structural aspects of STING because a STING mutant inert to c-di-GMP maintains its dsDNA responsiveness (Burdette et al., 2011 ). Yet, in both cases, they result in STING activation and induction of the same IFN pathway. Is there a general mechanistic basis of STING activation in response to different stimuli? Perhaps regardless of the different triggers, whether it is dsDNA or c-di-GMP, STING activation may result from a release of STING autoinhibition followed by oligomerization and activation of the pathway.
Autoinhibition and ligand-induced release of autoinhibition may also be a general mechanism for self versus non-self discrimination in innate immunity. Activation of RIG-I by dsRNA is an example. In the resting autorepressed state, CARD2 at the N terminus of RIG-I forms extensive interactions with the helical insertion domain (Hel2i), preventing its polyubiquitination or polyubiquitin binding that is necessary for RIG-I interaction with downstream partners. After activation, dsRNA occupies an overlapping surface on Hel2i and releases CARD2 for free access by ubiquitination machinery (Kowalinski et al., 2011) . Given the danger of innate immune activation in the absence of non-self recognition, intramolecular interaction-mediated autoinhibition provides a safety mechanism and a simple molecular switch that can be flipped on specifically by non-self recognition.
EXPERIMENTAL PROCEDURES
Protein Purification DNA sequence encoding human STING CBD-CTT (139-379) was inserted into pSMT3 vector between BamHI and SalI sites. Protein was expressed in E. coli BL21 DE3 RIPL Codon Plus cell. E. coli cell was induced by 0.5 mM IPTG when cell density reached 0.5-0.6 and grew at 20 C overnight. Cells were spun down and lysed in lysis buffer (50 mM sodium phosphate [pH 7.4], 300 mM NaCl, 20 mM imidazole, and 5 mM 2-mercaptoethanol). After centrifugation and removal of cell debris, supernatant was incubated with Ni-NTA beads. Ni beads were washed extensively and protein was eluted in lysis buffer with 300 mM imidazole. Eluted protein was incubated with 1/1000 (w/w) Ulp1 protease at 4 C overnight to remove N-terminal SUMO tag. STING protein was further purified by size-exclusion chromatography in running buffer (20 mM Tris HCl [pH 8.0], 150 mM NaCl, and 5 mM DTT). Fraction containing STING protein was pooled, concentrated, and flash frozen for future use. Selenomethionyl protein and mutant proteins were purified in the same way.
Samples intended for crystallization were digested with 1/200 (w/w) trypsin at room temperature for 1 hr and purified by a second round of size-exclusion chromatography.
Crystallization, Data Collection, and Structure Determination Both STING CBD alone and c-di-GMP complex crystals were obtained by hanging drop vapor diffusion methods at 20 C. Selenomethionyl STING CBD at 12.9 mg/ml was mixed with equal volume of reservoir solution of 20%-23% PEG3350, 0.1 M Bis-Tris (pH 6.2-6.5), and 0.2 M ammonium sulfate. For complex crystallization, STING CBD was incubated with equimolar of c-di-GMP for 2 hr at 4 C before mixing with equal volume of reservoir solution of 12%-15% PEG8000, 0.08 M sodium cacodylate (pH 6.3-6.5), 0.16 M calcium acetate, and 20% glycerol. Diffraction data was collected at National Synchrotron Light Source (NSLS) beamlines X25 and X29. Data sets were processed using the HKL2000 (Otwinowski and Minor, 1997) and XDS (Kabsch, 2010) softwares. Free STING structure was determined by singlewavelength anomalous dispersion (SAD), while STING/c-di-GMP complex structure was determined by molecular replacement, both using Phenix (Adams et al., 2010) . Model building and iterative refinement were achieved using coot (Emsley and Cowtan, 2004) , CNS (Brü nger et al., 1998), Phenix (Adams et al., 2010) , and Refmac (Murshudov et al., 1997) . Molecular diagrams were generated using Pymol (Delano, 2002) .
Isothermal Titration Calorimetry
Human STING CBD domain and c-di-GMP were dialyzed extensively against running buffer (100 mM NaCl, 10 mM Tris-HCl [pH 8.0]). Protein concentration was measured using absorbance at 280 nm. Prior to titration, both protein and c-di-GMP were centrifuged at 18,000 3 g at 25 C for more than 10 min to remove any debris and air bubbles. The calorimetric titrations were carried out at 25 C on a MicroCal ITC200 instrument with 16 successive injections of 2.4 ml (400 mM) c-di-GMP, spaced 180 s apart, into the sample cell containing a solution of 200 ml (40 mM) STING CBD. The data was analyzed using the ORIGIN software. The association constant (Ka), enthalpy change (DH), and the stoichiometry (N) were calculated by fitting the thermograms to one set of binding sites. The dissociation constant (Kd), free energy change (DG), and the entropy change (DS) were calculated using the equations: Kd = 1 Ka and ÀRT ln Ka = DG = DH À TDS
Biolayer Interferometry Binding Measurement
Binding between STING CBD and TBK1 in the absence or presence of c-di-GMP was performed using the BLItz system (forteBio Inc.) STING CBD was biotinylated by NHS-PEG4-Biotin following the manufacturer's instructions (Thermo Scientific). Biotinylated CBD was immobilized onto streptavidin sensors, and the unbound protein was washed off by PBS-based sample dilution buffer (forteBio Inc.). The sensor was then immersed into TBK1 solution of various concentrations for 180 s. Dissociation was carried out by immersion of sensor into sample dilution buffer. For measurements in the presence of c-di-GMP, biotinylated STING CBD was incubated with equimolar of c-di-GMP at 4 C for 2 hr before being immobilized onto streptavidin sensor. Subsequent washing was performed in sample dilution buffer supplemented by 0.5 mM c-di-GMP.
Cell Culture and Transfection
Human embryonic kidney (HEK) 293 cells were cultured in DMEM supplemented with 10% calf serum and antibiotics. Transient transfection was carried out using the calcium phosphate precipitation method. HEK293 cells were plated in 6-well plates and transfected with 1 mg indicated expression constructs.
Lentiviral Vector Mediated Stable Cell Line Construction
Lentivirus transducing vectors (pTY) were constructed to express cDNA driven by Elongation Factor 1a (EF1a) promoter (He and Chang, 2004) . The cDNA of interest was fused to the coding sequences for a puromycin-resistant or hygromycin-resistant gene and a picornavirus self-cleaving 2A peptide, which separates the puromycin or hygromycin resistant gene product and the protein of interest.
Stimulation with c-di-GMP Cells are stimulated with c-di-GMP using the modified reversible digitonin permeabilization method (Girardin et al., 2003) . Briefly, cells are incubated with or without 6 mM c-di-GMP in digitonin permeabilization solution (50 mM HEPES [pH7.0], 100 mM KCl, 3 mM MgCl2, 0.1 mM DTT, 85 mM Sucrose, 0.2% BSA, 1 mM ATP, 10 mg/ml Digitonin) for 30 min at 37 C. This solution was then replaced with normal culture media. At 5 hr post stimulation, cells lysates were harvested.
Coimmunoprecipitation Cells were transfected with indicated expression constructs. Cells were lysed in lysis buffer 36-48 hr after transfection (20 mM Tris-Cl [pH 7.4], 100 mM NaCl, 0.1% Triton X-100, 25 mM b-glycerophosphate, 1 mM DTT, Roche protease inhibitor cocktail). Cell lysates were incubated with anti-FLAG M2-argarose (Sigma) or HA-affinity gel (Sigma) at 4 C for 2 hr. Beads were then washed in lysis buffer before being analyzed by SDS-PAGE and immunoblotting. For c-di-GMP stimulated samples, 6 mM c-di-GMP was added to lysis buffer and wash buffer.
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